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INTRODUCTION
Living organisms detect and respond to many types of mechanical force. For instance, our sensory systems allow us to identify objects by their tactile features (Gibson, 1962) , coordinate controlled movement (Chesler et al., 2016) , and enjoy the pleasure associated with interactive social touch (McGlone et al., 2014) . Several gene families have been identified as sensors of mechanical stimuli; the transient receptor potential (TRP), mechanosensitive ion channels (MSCs), and degenerin (DEG) epithelial sodium channels (ENaCs) in flies, bacteria, and worms (Goodman et al., 2002; Sukharev et al., 1994; Walker et al., 2000) and the Piezo receptors in multiple phyla (Coste et al., 2010) .
The Piezo genes, Piezo1 and Piezo2, encode exceptionally large mechanosensitive ion channels predicted to contain >14 transmembrane domains per monomer (Coste et al., 2015; Ge et al., 2015) . Expression of Piezo proteins is sufficient to confer mechanically evoked ionic currents to cells (Coste et al., 2010) , and these molecules are believed to be intrinsically gated by force (Syeda et al., 2016) . Piezo2 is most highly expressed in sensory ganglia, although it has also been reported to be found in lung, bladder, skin, and bone (Coste et al., 2010; Ikeda et al., 2014; Woo et al., 2014) . Mice and humans lacking functional Piezo2 exhibit severe deficits in detection of vibration, fine touch, hair movement, proprioception, and breathing regulation (Chesler et al., 2016; Nonomura et al., 2017; Ranade et al., 2014) .
These results point to Piezo2 as being crucial in the detection of a variety of mechanical stimuli known to be encoded by several classes of mechanosensory neurons. For example, gentle touch is mediated by low threshold mechanoreceptors (LTMRs) with nerve endings in the skin whereas proprioceptors target muscles and tendons. LTMRs themselves are quite diverse, differing from one another based on the type of skin they innervate (e.g., glabrous and hairy skin), the size of receptive fields (wide and narrow field), their adaption properties (slow and rapid), and the morphology of their afferent end organs (Pacinian and Meissner's corpuscles, Ruffini endings, and Merkel cell complexes; Abraira and Ginty, 2013; Usoskin et al., 2015) .
We were curious how a single molecule might function in such morphologically diverse settings to permit the detection of a wide range of mechanical stimuli. In particular, we focused on whether alternative splicing, a commonly used mechanism for genes to produce molecular and functional diversity (Lipscombe and Andrade, 2015; Pan et al., 2008; Wang et al., 2008) , is used to regulate Piezo2 function. We find that Piezo2 undergoes a surprisingly extensive alternative splicing, which is used to generate unique isoforms that are found in specific tissues and cell types. We identify two previously unannotated exons and 16 isoforms of Piezo2 that are specifically enriched in mouse sensory neurons. Importantly, we demonstrate that Piezo2 variants exhibit major differences in three key biophysical properties: their rates of inactivation; ion permeability; and modulation by intracellular calcium. Given that distinct classes of sensory neurons express select classes of Piezo2, we identify alternative splicing as an important determinant in mechanosensory specialization.
RESULTS
Piezo2 Is Expressed by Diverse Types of Mechanosensory Cells
Piezo2 has been reported to be expressed in sensory ganglia and in non-neuronal tissues, including lung and bladder (Coste et al., 2010) . We therefore used in situ hybridization (ISH) to fully characterize the expression of Piezo2 in these tissues ( Figure 1 ). As expected, Piezo2 was detectable in discrete cells in bladder and lung, whereas it is expressed at very high levels in a large proportion of neurons in the trigeminal ganglion (TG) ( Figure 1A ). Double-label ISH experiments showed that Piezo2 is co-expressed with genes found in LTMRs (Figures 1B and 1C) . By contrast, Piezo2 is virtually absent from TRPM8-expressing neurons (2% Figures 1B and 1C) , consistent with the proposed role of these neurons as dedicated cold sensors (Knowlton et al., 2013; Pogorzala et al., 2013) . Interestingly, despite the apparent lack of mechanical pain abnormalities in individuals with non-functional Piezo2 (Chesler et al., 2016) and similar absence of pain phenotypes in Piezo2-null mice , the majority of non-peptidergic nociceptors marked by the expression of the Mas-related G-protein receptor D (Mrgprd) also express Piezo2 (76% Mrgprd neurons; Figures  1B and 1C ). Piezo2 partially overlapped with TH, a proposed marker for C-fiber low threshold mechano receptors (C-LTMRs), supporting the idea that neurons expressing this gene are more heterogeneous than previously assumed (Nguyen et al., 2017) . Furthermore, Piezo2 was also found in subsets of TRPV1-and TRPA1-positive neurons (32% and 60%, respectively; data not shown).
Differential Splicing of the Piezo2 Gene
Piezo2 is found in LTMRs that rapidly signal hair movement, proprioceptors that detect muscle contraction, and cells in lung and bladder that respond relatively slowly to radial stretch. Given the differences in these mechanosensory tasks, we hypothesized that Piezo2 might, at the molecular level, be differentially regulated by sensory and non-sensory tissues. To investigate the possibility of alternative splicing underlying this process, we sequenced Piezo2 mRNA from the lung and bladder and compared it with Piezo2 from the TG (Figure 2 ). The sequences of Piezo2 amplified from lung and bladder were the same as (A) Single-label ISH shows that Piezo2 is expressed at high levels in TG neurons (left panel); it is also expressed at lower levels in scattered cells in the lung and bladder (middle and right panels). (B) Double-label ISH reveals that Piezo2 (green) is found in neurons that are associated with sensation of low-threshold mechanical stimuli or are proprioceptive (Ntrk2, Ntrk3, Npy2r, and Th) and is present in HTMR neurons (Mrgprd). However, Piezo2 is virtually absent from cold-responsive neurons (Trpm8 those reported previously (Coste et al., 2010) . Remarkably, sequencing Piezo2 mRNA from TG revealed the existence of multiple novel variants that included two previously unannotated exons (exons 18 and 35). In total, we found that five exons (that we named E18, E19, E33, E35, and E40) are alternatively spliced in mouse sensory ganglion neurons ( Figure 3A) . Importantly, usage of these exons does not generate translational frameshifts in the coding sequence of Piezo2 transcripts and, as expected for bone fide exons, the genomic sequences surrounding these exons contain consensus splice acceptor and donor sequences (Trapnell et al., 2009 ). In addition, ISH with probes designed to specifically detect these exons corroborated their expression in sensory neurons ( Figure S1A ).
To precisely quantify the extent of alternative splicing, we turned to a recently developed NextGen sequencing methodology (single molecule real-time sequencing [SMRT] sequencing; Eid et al., 2009) , which enabled long sequencing reads (3-3.5 kbp) of thousands of Piezo2 transcripts from multiple mouse tissues; TG (n = 1,721 full-length reads of middle region); lung (n = 4,800); and bladder (n = 2,373). Figure 2 shows the sequence reads of Piezo2 from TG, lung, and bladder aligned against the coding sequence of Piezo2 (also see Figure S1B and Table S1 ). Remarkably, this type of comparison revealed that lung and bladder principally express a single form of Piezo2; we name this V2 (approximately 80% of reads), which contains E33 but lacks the other 4 alternatively spliced exons ( Figures  2C-2E ). By contrast, the same comparison showed that TG neurons express at least 17 different splice variants of Piezo2 (Figures 2B and 2E ). Certain splice forms were absent from the TG, lung, and bladder, demonstrating that splicing is selective ( Figure 2E ). Unbiased analysis of sequencing results for other regions of Piezo2 failed to reveal additional sites of alternative splicing except for a sixth alternatively spliced exon, E10, which is alternatively spliced in the lung and bladder ( Figure S1B ). E10 is expressed in all TG neurons and is apparently not alternatively spliced in this tissue. (Coste et al., 2015) . The proposed positions of sequences encoded by alternatively spliced exons are indicated in blue as well as the approximate positions of amino acid for V16 mouse Piezo2. (B-E) The predicted intracellular location of alternatively spliced exons was confirmed by HA-epitope-tagging experiments. (C-E) Fields of HEK293 cells transfected with HA-epitope-tagged Piezo2 constructs were immune stained, live (upper panels) and following permeabilization (lower panels). HA epitope was engineered into E10 (C), E18 and E19 (D), and E40 (E). HA epitope was detected (red) only after membrane disruption in cells expressing E10 (HA), E18 (HA), and E40 (HA), confirming the sequences they encode have an intracellular location. (F) As expected, cells expressing extracellular N-terminally tagged TacR1 produced detectable epitope staining in both permeabilized and non-permeabilized cells. Note, all epitope-tagged Piezo2 constructs retained normal mechanically activated ion channel activity.
We next sought to determine the positions of alternately spliced exons within the Piezo2 protein. Little is known about the structure of Piezo2, so we took advantage of the fact that its sequence can be broadly aligned to Piezo1. Based on known and predicted membrane topologies of Piezo1 (Coste et al., 2015) , we expected exons E10, E18, E19, E33, E35, and E40 to be found within three intracellular loops ( Figure 3B ). To confirm our hypothesis, we performed live cell staining experiments using constructs where epitopes were inserted at exons E10, E18, or E40, locations found not to interfere with functional responses. Our results show that all the alternatively spliced exons are located in intracellular domains ( Figures 3C-3E ). Intriguingly, exons 33, 35, and 40 are found in an exceptionally large loop toward the C terminus of the receptor close to where the pore domain is located (Coste et al., 2015; Ge et al., 2015) .
Alternative Splicing Alters the Function of Piezo2
The preferential expression of multiple splice variants of Piezo2 in sensory neurons versus the highly restricted splicing found in non-neuronal tissue suggested that there might be intrinsic functional differences between isoforms. To test this hypothesis, we compared the properties of the major Piezo2 isoform expressed in non-neuronal cells, V2 (which contains E33 but lacks E18, E19, E35, and E40; see Figures 2E and 4A) , with the properties of the neuronal isoform that is most different from it, V14 (which contains E18, E19, E35, and E40 but lacks E33). We examined the electrophysiological properties of V2 and V14 by heterologously expressing them in HEK293 cells, assessing mechanically activated inward currents generated by membrane indentation. Expression of both V2 and V14 was sufficient to generate large responses, which increased proportionally to stimulus strength and which were not seen in control GFP-transfected cells (Chesler et al., 2016) . This control, an exclusion cutoff of <50 pA (unless stated otherwise), and other controls (Experimental Procedures and Figures S2A-S2C) were employed to ensure HEK293 endogenous Piezo1 currents did not contaminate recordings (Dubin et al., 2017a (Dubin et al., , 2017b . Having confirmed that the splice variants were functional, we focused our experiments on three important channel properties that would be predicted to strongly influence neuronal excitability: ion permeability, modulation by Ca
2+
, and inactivation kinetics.
First, we examined ion permeability, looking for differences between V2 and V14. We measured permeability of Ca 2+ by these Piezo2 isoforms relative to Cs + (Coste et al., 2010) . The relative permeability for Ca 2+ of V2 was significantly higher than that of V14 (Figures 4A and 4B; Table S2 ). This difference in permeability was selective for Ca 2+ because we did not find differences in Na + or Mg 2+ permeability (Figures S2D and S2E; Table S2 ). Splice V16 (Figures S2F and S2G) showed a calcium permeability similar to that of V2, consistent with the presence of exon 33 positively affecting calcium permeability despite being located in an intracellular loop. More importantly, these results provide evidence that alternate splicing of Piezo2 indeed generates receptors expressed by neurons and non-neuronal tissues with distinct pore properties. A recent study reported that Piezo2 function is positively regulated by intracellular Ca 2+ and that this may be important for alterations in touch sensitivity under pathological conditions (Eijkelkamp et al., 2013) . Given the intracellular location of the alternatively spliced-exons-encoded parts of the loops (Figure 3 ), we hypothesized that, in addition to differences in ion permeability, sensory-neuron-specific variants might be more robustly modulated by intracellular calcium. Therefore, we compared the mechanically evoked currents from V2 and V14 either in the presence or in the absence of high intracellular Ca 2+ . When nominally divalent free intracellular solutions were used, V2 and V14 displayed similar responses to mechanical force. Strikingly, when intracellular solutions contained 10 mM Ca 2+ , we found a major decrease in the mechanical threshold of V14, whereas the threshold of V2 was unaffected ( Figures 4C-4E ).
Piezo2 inactivates rapidly, within $10 ms (Coste et al., 2010) , to static indentation, presumably reflecting rapid entry of the channel into a non-conducting desensitized state. This allows Piezo2 to perform basic frequency filtering and is believed to be a key factor in the ability of sensory neurons to respond to rapid and/or vibrational stimuli (Lewis et al., 2017) . Given that Piezo2 is required for the sensation of vibration and touch discrimination (Chesler et al., 2016; Ranade et al., 2014) , we explored the possibility that splicing might fine tune inactivation. To quantify rates of inactivation of V2 and V14, we stimulated cells with increasing strengths of mechanical force, measured current decay, and calculated the tau of inactivation. Notably, we found that V2 inactivated significantly slower than V14 . Comparing rates of inactivation of four additional Piezo2 isoforms (expressed by sensory neurons) revealed that the presence of E35 correlated with the increased rate of inactivation ( Figure 5C ). In summary, our results establish that alternate splicing selectively tunes the permeability, calciummediated sensitivity, and rate of inactivation of Piezo2.
Cell-Type-Specific Splicing of Piezo2
Neuronal sensory tissues express at least 17 isoforms of Piezo2 ( Figure 2E ; Table S1 ). We hypothesized that the functionally distinct Piezo2 isoforms might be differentially enriched in certain sub-types of sensory neurons. To test this hypothesis, we compared transcriptomic data from sensory neurons that developmentally express the Trpv1 ion channel (Trpv1 lineage neurons) with neurons that do not (non-Trpv1 lineage neurons; Hjerling- Leffler et al., 2007; Mishra et al., 2011) . This strategy allowed us to compare the coding sequences of Piezo2 expressed in neurons that are broadly required for nociception, pruriception, and thermoreception (Le Pichon and Chesler, 2014) with those found in neurons involved in discriminative touch and proprioception. Interestingly, the relative abundance of alternative exons significantly differed between these two neuronal lineages. More notably, we found that E35 was expressed at much higher levels in non-Trpv1 lineage neurons than in Trpv1 lineage neurons ( Figure 6A ). RT-PCR confirmed this difference ( Figure 6B ), and ISH validated that E35 is preferentially expressed in proprioceptive (Ntrk3 + ) and discriminative touch (Ntrk2 + ) neurons (Abraira and Ginty, 2013; Woo et al., 2015) , whereas it was undetectable in mechanical pain Mrgprd neurons ( Figure 6C ; Cavanaugh et al., 2009 ). These results indicate that proprioceptors and large-diameter LTMRs selectively splice Piezo2 transcripts to include E35, the alternatively spliced exon that is sufficient to increase the rate of inactivation of the channel ( Figure 5C ). Given the differences in Piezo2 splicing we observed in peripheral sensory neurons, we wondered whether Merkel cells (a type of modified non-neuronal skin cell that is involved in fine touch) might express specific isoform(s) of Piezo2 (Ikeda et al., 2014; Woo et al., 2014) . To investigate this, we purified Atoh1-GFPpositive Merkel cells and used SMRT sequencing to determine the sequence(s) of Piezo2 expressed by these cells (n = 2,615). Interestingly, purified Merkel cells express a combination The average fit of mechanically evoked currents for non-neuronal splice form, V2 (left panel), is not affected by intracellular calcium, whereas calcium decreases the indentation needed to gate V14 (right panel). Response profiles fits (middle trace represents the mean and outer traces SEM) were assessed by applying mechanical force (indentation of the plasma membrane) in the absence of intracellular calcium (black) and in the presence of 10 mM intracellular calcium (green). Note, leftward shift in mechanical threshold of V14 in the presence of intracellular calcium is shown (V2 calcium free n = 8; V2 high calcium n = 5; V14 calcium free n = 8; V2 high calcium n = 6) (E) Quantification of the calcium-induced shift in half-maximal force showed that V2 is insensitive to intracellular calcium, whereas V14 is sensitized. Data are means ± SEM (V2 calcium free n = 8; V2 high calcium n = 5; V14 calcium free n = 8; V2 high calcium n = 6); significant difference in response sensitivity for V14 between no calcium and 10 mM calcium (Student's t test) *p = 0.0064 is shown, and for V2, it is not significant, p = 0.92. of Piezo2 transcripts distinct from those found in the lung, bladder, or sensory ganglia ( Figures 6E and 6F ). Merkel cells predominantly express variant 5 of Piezo2 (61%), which is only found at low levels in sensory neurons. Consistent with our sequencing results, ISH demonstrates that Merkel cells express E33 and E35 ( Figure 6G ). Together, these results support our proposal that discrete cell types could attain distinct sensory characteristics by restricted expression of specific isoforms of Piezo2. Intriguingly, Merkel cells are enriched for the same exon (E35) as the sensory neurons involved in touch discrimination and proprioception.
Alternative Splicing of Piezo2 in Human
We hypothesized that splicing of Piezo2 is a general strategy employed to generate receptor diversity, and therefore, we would predict that, if this process is biologically relevant, it should be evolutionarily conserved. Supporting this postulate, the alternatively spliced exons E18, E19, E33, E35, and E40 are found in Piezo2 genes from fish to human and the sequences encoded by these exons are highly conserved ( Figure 3A) . To investigate our hypothesis further, we SMRT sequenced and examined the sequences of Piezo2 transcripts expressed in human dorsal root ganglion (DRG) (n = 2,750) and lung (n = 4,729). As predicted, human sensory neurons express a mixture of spliced Piezo2 similar to those seen in mouse TG ( Figures 7A-7C , S3B, and S3C; Table S3 ). Also, like in mice, the lung expresses a relatively small number of splice isoforms of Piezo2 and the predominant isoform is orthologous to mouse V2. Similar to mouse sensory neurons, there are multiple forms of Piezo2 expressed by human DRG (16 variants; Figures S3B and S3C) . Comparison of data from sequencing lung and DRG revealed that human Piezo2 transcripts contain one additional alternatively spliced exon, E22, which is absent in many lung transcripts (Figures 7 and S3B ; Table S3 ). In the mouse tissues we examined, Piezo2 transcripts all contained exon 22. We also noted a difference in splicing of E10 in human and mouse; E10 is absent in approximately 20% of human DRG Piezo2 transcripts whereas it is present in all mouse TG transcripts (Figures S1B and S3B). Altogether, our results establish that the patterns of splicing of Piezo2 in human and mice are very similar, confirming that alternative splicing is a conserved process.
DISCUSSION
In this study, we found that splicing of the Piezo2 gene generates functionally diverse mechanosensitive ion channels that are expressed in a cell-type-specific manner. We provide three lines of evidence supporting our proposal that splicing of Piezo2 enables cells with distinct functions to detect or respond to mechanical stimuli in different ways. First, we establish that alternative splicing is specifically regulated in both different tissues and neuron types (Figures 2, 6, and 7) . Second, we demonstrate that Piezo2 splice variants differ significantly in their functional response characteristics (Figures 4 and 5) . Third, our results show that the differential splicing of Piezo2 is a conserved process (Figure 7) . The Piezo2 gene is extremely large and, based on our results, contains 56 exons. Six of these exons are alternatively spliced in mice, and seven are alternatively spliced in humans. The existence of multiple isoforms of genes is a powerful way to generate functional complexity from a single gene. Intriguingly, we find that mice express 18 variants out of the possible 32 combinations (Figure 2 ) at a level of >1% of expressed sequences. The restricted number of isoforms expressed appears to be due to constraints on splicing specific sets of exons; when present, E19 is almost always found together with E18 and E40 is almost always paired with E33, E35, or both (Figures 2 and S3) . Such cross-wise splicing specificity supports the concept that certain exons encode domains that influence distinct properties.
Our mapping of the locations of encoded spliced exons places them all within intracellular loops (Figures 3 and S3D) . We found that manipulating the loop containing E33, E35, and E40 confers functional differences (Figures 4 and 5) . Whereas the resolution of the Piezo1 cryo-electron microscopy structure (Ge et al., 2015) is insufficient to definitively position this loop within the overall channel architecture of the molecule, given its location near the C terminus, it is possible that this loop interacts with the pore region of Piezo channels (Coste et al., 2015) . If this is correct, it would fit with the role of splicing in modulating calcium permeability (Figures 4 and S2) . Calcium is a potent modulator of many intracellular pathways, and its concentration is particularly dynamically regulated in neurons (Higley and Sabatini, 2012) . The expression of certain splice variants in specific neurons would make specific afferent terminals more sensitive to gentle touch than others by changing the permeability and shifting the activation curve for Piezo2. In addition, conditions that promote mechanical allodynia and/or hyperalgesia (Andrew and Greenspan, 1999 ) might lead to changes in the expression of different splice variants of Piezo2, resulting in altered mechanical sensitivity.
We also found that Piezo2 variants containing E35 display two-fold faster rates of receptor inactivation than those variants without this exon ( Figure 5 ). Interestingly, E35 is enriched in Ntrk2 and Ntrk3 large-diameter neurons and Merkel cells (Figures 6  and 7) , cells required for vibration detection and touch discrimination. Recently, it was shown that Piezo protein can act as a band pass filter, a process that is highly dependent on the rate of channel inactivation (Lewis et al., 2017) . In addition, inherited mutations of Piezo2 linked to distal arthrogryposis type 5 (Coste et al., 2013; McMillin et al., 2014) accelerate or reduce recovery from inactivation of Piezo2. Interestingly, our findings that alternative splicing in and of itself produces similar magnitude changes in inactivation suggest that alternative splicing should have significant influences on the properties of neurons. Our in vitro recordings demonstrate that distinct isoforms of Piezo2 display different functional properties. However, our analysis has not been exhaustive, as we did not examine all splice variants of Piezo2 and we did not investigate the potential interaction of Piezo2 with other membrane proteins. Other intracellular signaling pathways (Borbiro et al., 2015; Dubin et al., 2012) and protein interactions (Narayanan et al., 2016; Poole et al., 2014) have been shown to modulate Piezo2 function. More importantly, to fully appreciate the contribution of receptor diversification, it will be important to determine the in vivo consequences of Piezo2 splicing. Sensory afferents have highly specialized endings that are likely important for mechanosensation (Bai et al., 2015; Rutlin et al., 2014) . In mammals, other forms of mechanosensory specialization have been observed. For instance, sensory ganglia with different representations of mechanosensory neurons (Schneider et al., 2014) and signaling components (Gerhold et al., 2013) have been reported. This suggests that several strategies have been used to allow sensory specialization. Our findings that functionally different cell types express distinct Piezo2 isoforms suggest another way in which different mechanical stimuli can be distinguished. Indeed, the existence of functionally distinct isoforms of Piezo2 is highly reminiscent of the finding that alternate splicing of the Trpv1 ion channel is associated with thermosensory specialization (Gracheva et al., 2011) . Therefore, the splicing of Piezo2 may be another means by which the somatosensory system generates sensory diversification.
EXPERIMENTAL PROCEDURES Animals
All experiments using mice followed NIH guidelines and were approved by the National Institute of Dental and Craniofacial Animal Care and Use Committee (ACUC). Atoh1-EGFP (Jax; cat no. 013593) and C57BL/6N (Charles River Laboratories) mice of both sexes were used. Merkel cells were purified from 5-day-old pups as previously described (Piskorowski et al., 2008) . Tissue for other experiments was harvested from adult C57BL/6N mice.
In Situ Hybridization
RNAscope, a multiplexed fluorescent in situ hybridization technique (Advanced Cell Diagnostics), was performed according to the manufacturer's instructions on fresh frozen tissue sections. Images were acquired using an Olympus confocal microscope at 203 magnification and adjusted for overall brightness and contrast using FIJI (ImageJ) software. To identify and count In DRG sensory neurons, E19, E33, E35, and E40 are variably spliced whereas E18 is present in most transcripts. In contrast, in lung, transcripts E18, E19, E35, and E40 are present rarely. See Figure S3 and Table S3 for details. positive cells, regions of interest (ROIs) were manually selected from 4 sections. Binary thresholds were used to determine signal over background for each probe. Values for each channel above threshold were compared and scored for overlap.
Single-label ISH was performed at high stringency as described previously (Mishra et al., 2011) .
Piezo2 Sequencing and Bioanalysis
RNeasy kit (QIAGEN) was used to isolate RNA from mouse tissues and SMARTScribe (Clontech Laboratories, USA) was used to generate first-stand cDNA. Human cDNAs were purchased (Promega, USA). The full-length coding sequence of Piezo2 is 8.2-8.6 kb; we were unable to amplify the complete full-length sequence of Piezo2, and therefore, we resorted to amplifying three long overlapping fragments ( Figure S1 ) using LongAmp DNA polymerase (New England Biolabs). PCR primers were designed to include unique barcodes to identify fragments amplified from different tissues (Table S4) analyzed with Blast (NCBI) to determine splicing. SMRT sequence datasets were analyzed using PacBio SMRT. Analysis software was used to separate sequences by barcode, using the ''RS_Resequencing_Barcode.1'' protocol in the SMRT Analysis software package. Sequences with incomplete coverage of the amplified fragment were discarded. Resulting sequences (Tables S3-S5 for numbers) were analyzed for patterns of exon usage, a strategy implemented to allow an unbiased analysis of exon usage for each transcript. In many cases, aligned reads were longer than predicted exons, and we employed the BEDTools 2.22.0 (Quinlan and Hall, 2010) bamtobed splitD option to split alignments on the D CIGAR operator. Split reads shorter than twelve bases were filtered using awk (Aho et al., 1987) ; however, many of the split reads were still longer than the exons. Thus, the BEDTools intersect command was used to find the intersections between exons and split reads. A fraction of 0.1 overlap was the minimum required to define the intersection.
Analysis of NextGen Transcriptomic Trpv1-Lineage and Non-Trpv1-Lineage Sequences
The generation of NextGen transcriptomic data for Trpv1 lineage and nonTrpv1 lineage neurons has previously been described; 36.7 million reads 35 base end reads (Goswami et al., 2014) . CLC genomics workbench (CLCbio) was used to align reads against Piezo2 and numbers of reads manually counted for each exon. Read numbers were normalized to the total Piezo2 reads in each sample and, second, against exon size.
RT-PCR
RNeasy kit (QIAGEN) was used to isolate RNA, and SMARTScribe (Clontech) was used to generate first-stand cDNA. Real-time Taqman PCR was performed on an ABI 7900HT with the following primers for mouse Piezo2 exon 35: CTCAGCCATTTTAGCCTTGC, forward; CAGATCCTTTGCGTCTCTCC, reverse; and 5 0 FAM-TGATCCTAAAACGGCACTCC-3 0 TAMRA. Results were normalized to GAPDH. Experiments were performed with triplicate experimental samples and controls, and fold increases were calculated using the comparative threshold cycle method.
Epitope Tagging HEK293 cells were transfected with construct encoding Piezo2 HA-tag (see HEK293 cell culture) and plated on poly-L-lysine-coated coverslips. For non-permeabilized staining, cells were incubated for 5-15 min with antihemagglutinin (HA) preconjugated Dylight antibody (Thermo Fisher Scientific, Halethorpe, MD, USA), washed 4 times in PBS. For permeabilized staining, cells were fixed with 4% paraformaldehyde for 10 min, washed 3 times in PBS + 0.1% Triton X-100, and incubated for 1 hr with anti-HA antibody, washed in PBS.
HEK293 Cell Culture HEK293 cells were cultured in DMEM + glutamine media (Lonza) supplemented with 10% FBS (Gibco), 100 U/mL penicillin and 100 U/mL streptomycin (Gibco) in an incubator at 37 C in 5% CO 2 atmosphere. cDNA encoding Piezo2 variants was sub-cloned in pCDNA3.1 vector (Epoch Life Sciences). 24 hr prior to transfection, HEK cells were plated on 24-well plates and transfected at 60%-90% confluency with 400 ng of plasmid and 1 ng of EGFP-encoding plasmid to aid identification of transfected cells. A standard Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) transfection protocol was used. The day following the transfection, cells were re-plated on 12-mm glass coverslips. Experiments were performed 48-72 hr after transfection.
Whole-Cell Recordings
Whole-cell voltage clamp current responses were recorded with Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA) at a holding potential of À40 mV unless stated otherwise. Signals were digitized with Digidata 1550 (Molecular Devices) digitizer at 100 kHz, low pass filtered at 10 kHz, and saved on a PC computer running Clampex 10.3 (Molecular Devices). Extracellular solutions consisted of (in mM) 133 NaCl, 3 KCl, 1 MgCl 2 , 10 HEPES, 2.5 CaCl 2 , 10 glucose, and 18.9 sucrose (pH 7.3) with NaOH. Patch pipettes (resistance of 2-4 MU) were filled with intracellular recording solution consisting of (in mM) 133 CsCl, 10 HEPES, 5 EGTA, 1 CaCl 2 , 1 MgCl 2 , 4Mg-ATP, 0.4 Na-GTP, and 10 Cs-gluconate (pH 7.3) with CsOH. For ion permeability experiments, pipettes were filled with (in mM) 150 CsCl and 10 HEPES (pH 7.3) with CsOH, and extracellular solutions were composed of (in mM) 150 NaCl for sodium permeability experiments and 100 CaCl 2 or MgCl 2 for divalent cations permeability experiments and 10 HEPES (pH 7.3) with CsOH. For measurements of intracellular calcium impact on recombinant Piezo2 responses, intrapipette solution consisted of (in mM) 133 CsCl, 10 HEPES, 1 MgCl 2 , 4 Mg-ATP, 0.4 Na-GTP, and 10 Cs-gluconate (pH 7.3) with CsOH and was supplemented with (in mM) 2 EGTA (for Ca 2+ free conditions) or 0.01 CaCl 2 . All chemicals were from Sigma-Aldrich unless otherwise stated. Cells exhibiting a stationary leak current above 200 pA were excluded from analysis. For experiments with varying concentrations of intracellular ions, stimulation began 2-5 min after breaking into whole-cell configuration to allow for intrapipette solution perfusion of the cell. Previously (Chesler et al., 2016 ; Figure 1C ), we showed that the same HEK293 cells used in this study, when transfected with EGFP, have endogenous currents well below 50 pA.
Mechanical Stimulation
Mechanical stimulation of the cells was performed by a heat-polished blunt pipette (tip size $3-5 mm), driven by a micromanipulator-mounted P841.20 piezoelectric translator (Physik Instrumente, Karlsruhe, Germany). The stimulating pipette was mounted at an angle of $60 . For stimulation, the pipette was placed as close as possible to the cell without causing visible indentation and a series of increasing indentation stimuli was applied (typically 1-10 mm, with 1-mm increments) for 200 ms with a 2-ms ramp. Stimuli were separated by 10-s intervals to avoid accumulation of channels in a desensitized state. Only cells with a good surface attachment (e.g., visible pseudopodia and spindle-shape morphology) to the coverslip surface throughout the stimulation period were included in the analysis.
Electrophysiology Data Analysis
Data were analyzed using Clampfit 10.3 (Molecular Devices). Data were digitally filtered at 3 kHz. Responses were fitted with a mono-exponential function, IðtÞ = Amp,expðÀt=tÞ, and inactivation was measured as an average of, at the most, first three mechanically evoked responses greater than 50 pA, excluding responses above 2,000 pA. Traces with severe mechanical distortions (i.e., large oscillations) or visible loss of cell attachment to the surface were excluded from analysis. For permeability measurements, the response to a test pulse of a set amplitude was recorded at a range of nominal holding voltages (typically from À60 to +60 mV with 20-mV steps) and the last and first positive responses were used to calculate reversal potential after correcting for liquid junction potentials. Cation permeability relative to Cs + was calculated from the GHK equation 
Statistical Analysis
Data are expressed as mean ± SEM. Statistical analysis used Prism 7.0 (GraphPad Software). Differences between 2 groups were examined using a Student's t test, with p < 0.05 considered significant and p > 0.05 non-significant. When comparisons were between more than two groups, one-way ANOVA was used. All relevant data are available.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the sequences for mouse and human V16 Piezo2 reported in this paper are GenBank: MG254546 and GenBank: MG254547. To ensure that artefactual currents from Piezo1 in HEK293-cells did not contaminate our recordings, we set threshold cut-offs for inclusion. Since we used a holding voltage of -40 mV (unless stated otherwise), not -80 mV at which large endogenous currents up to 100 pA were recorded previously (Coste et al., 2010; Dubin et al., 2017a, b) , we set our cut-off threshold for inclusion of currents to those with maximal magnitudes greater than 50 pA. A, in experiments of calcium induced receptor sensitization ( Figure 4C-D) , the approximate average maximum current was 600 pA. B, for calcium permeability recordings (Figure 4 A-B) , cells we poked with the same indentation over a range of holding voltages (only responses closest to the reversal potential were used to calculate permeability). At the most negative voltage tested (nominally -60 mV), the mean currents were approximately 700 pA (the inclusion threshold for currents was >75 pA). C, in the experiments investigating kinetics of Piezo2 splice variants ( Figure 5 ) smaller amounts of plasmid was used (400 ng instead of 1000 ng) to limit responses (currents above 2 nA were deemed unreliable for kinetic analysis). At larger indentations, mean maximal evoked current ranged from over 400 pA to more than 1 nA. As previously reported, few HEK293-cells transfected with TMEM150C displayed small currents (Coste et al., 2010; Dubin et al., 2017a, b Only full-length reads were aligned and only reads >1% of the total are included. Only full-length reads were aligned and only reads >1% of the total are included. * indicates that exon 22 is absent. 
